Rationale: Increased oxidative stress and decreased superoxide dismutase (SOD) activity in the asthmatic airway are correlated to airflow limitation and hyperreactivity. We hypothesized that asthmatic individuals with higher levels of oxidative stress may have greater loss of SOD activity, which would be reflected systemically in loss of circulating SOD activity and clinically by development of severe asthma and/or worsening airflow limitation. Methods: To investigate this, serum SOD activity and proteins, the glutathione peroxidase/glutathione antioxidant system, and oxidatively modified amino acids were measured in subjects with asthma and healthy control subjects. Results: SOD activity, but not Mn-SOD or Cu,Zn-SOD protein, was lower in asthmatic serum as compared with control, and activity loss was significantly related to airflow limitation. Further, serum SOD activity demonstrated an inverse correlation with circulating levels of 3-bromotyrosine, a posttranslational modification of proteins produced by the eosinophil peroxidase system of eosinophils. Exposure of purified Cu,Zn-SOD to physiologically relevant levels of eosinophil peroxidase-generated reactive brominating species, reactive nitrogen species, or tyrosyl radicals in vitro confirmed that eosinophil-derived oxidative pathways promote enzyme inactivation. Conclusion: These findings are consistent with greater oxidant stress in asthma leading to greater inactivation of SOD, which likely amplifies inflammation and progressive airflow obstruction. (Received in original form February 3, 2005; accepted in final form April 30, 2005) Supported by HL69170, AI70649, HL04265, HL61878, HL 07649, HL69130, HL69116, HL69174, HL69155, HL69167, P01/U01HL67663, U10HL74225, HL69349, and M01 RR018390 from the National Center for Research Resources. Asthma is a chronic inflammatory disorder of the airways involving a complex interaction of cells and mediators, most of which result in increased reactive oxygen and nitrogen species (ROS and RNS, respectively) in the airways (1-5). Current regimens for asthma therapy usually maintain normal to near-normal pulmonary function and prevent chronic symptoms, but in rare cases asthma is severe or refractory to antiinflammatory therapies, including corticosteroids (6). The reasons for variable severity of asthma are unclear, but evidence suggests that ROS/RNS excess and antioxidant deficiency in the lung are related to severity of airflow limitation and hyperreactivity (3, 7-11). Although in some experimental systems of lung inflammation, antioxidants increase in response to oxidant stress and minimize oxidantinduced damage (10, 12, 13), antioxidant defense is impaired in the asthmatic airway (7-9).
Asthma is a chronic inflammatory disorder of the airways involving a complex interaction of cells and mediators, most of which result in increased reactive oxygen and nitrogen species (ROS and RNS, respectively) in the airways (1) (2) (3) (4) (5) . Current regimens for asthma therapy usually maintain normal to near-normal pulmonary function and prevent chronic symptoms, but in rare cases asthma is severe or refractory to antiinflammatory therapies, including corticosteroids (6) . The reasons for variable severity of asthma are unclear, but evidence suggests that ROS/RNS excess and antioxidant deficiency in the lung are related to severity of airflow limitation and hyperreactivity (3, (7) (8) (9) (10) (11) . Although in some experimental systems of lung inflammation, antioxidants increase in response to oxidant stress and minimize oxidantinduced damage (10, 12, 13) , antioxidant defense is impaired in the asthmatic airway (7) (8) (9) .
Antioxidant enzymes crucial for protection of the airway against oxidant stress include superoxide dismutases (EC 1.15.1.1, copper-zinc superoxide dismutase [Cu,Zn-SOD] in the cytosol; manganese SOD [Mn-SOD] in the mitochondria; and extracellular SOD [EC-SOD]) and glutathione peroxidases (GPx; EC 1.11.1.9) (10, (12) (13) (14) . SODs convert superoxide to hydrogen peroxide, whereas glutathione peroxidase removes hydrogen peroxide and organic hydroperoxides in a reaction that consumes the tripeptide glutathione. Exquisitely sensitive to inactivation by ROS and RNS (15) (16) (17) , SOD activity is reduced in the oxidant-rich environment of the asthmatic airway (11) and during asthma exacerbation further loss of SOD activity occurs with enhanced production of oxygen radicals by inflammatory cells (7, 18, 19) . Moreover, SOD activity in the lung is related to airway hyperreactivity and airflow limitation (9, 11) . Despite evidence that localized inactivation of SOD activity occurs within the inflamed asthmatic airways, the relationship of systemic levels of SOD activity to quantitative measures of asthma severity is unknown. We hypothesized that asthmatic individuals with higher levels of oxidative stress may have greater loss of SOD activity, which would be reflected systemically in loss of circulating SOD activity and clinically by development of severe asthma and/or worsening airflow limitation. To investigate this hypothesis, we undertook a study with cross-sectional samples obtained throughout the United States and England to assess systemic antioxidant enzyme activities for SOD and the GPx-glutathione system, and the relationship between antioxidants and asthma severity. Finally, potential mechanisms of SOD inactivation were examined in model systems, while in parallel, serum enzyme activity levels in subjects were related to circulating levels of molecular markers of distinct oxidative pathways known to be increased in asthma, such as those produced by eosinophil peroxidase-generated reactive brominating species, nitric oxide-derived oxidants, and tyrosyl radical (3, 4, 20) .
Some of the results of these studies have been previously reported in the form of an abstract (21) .
METHODS
See the online supplement for further detail on methods.
Study Population
To evaluate SOD in serum, the study population included 134 individuals composed of 20 healthy nonsmoking individuals and 115 individuals with asthma (75 with nonsevere asthma and 40 with severe asthma) contacted through the National Heart, Lung, and Blood Institute Severe Asthma Research Program. In this study, severe asthma was defined by the proceedings of the American Thoracic Society Workshop on Refractory Asthma (6), with major and minor characteristics (see the online supplement for definitions of major and minor characteristics and detailed methods). Separate from the subclasses of nonsevere and severe asthma, we also evaluated all individuals with asthma on the basis of severity of airflow limitation, as classified by %FEV 1 and FEV 1 / FVC ratio. Spirometry was performed with an automated spirometer, consistent with American Thoracic Society standards with National Health and Nutrition Examination Survey (NHANES III) reference. Allergy skin testing was performed with the following: cat allergen, dog hair, Dermatophagoides pteronyssinus, Dermatophagoides farinae, cockroach, tree mix, ragweed mix, common weed mix, molds (including Alternaria, Aspergillus, and Cladosporium), normal saline as negative control, and histamine as positive control. Allergy or atopy was defined as two or more positive skin tests in the presence of positive histamine reaction. Methacholine challenge testing was performed only on volunteers with a baseline %FEV 1 greater than 55%.
Antioxidants and Oxidative Modifications
SOD and GPx, total glutathione (reduced plus oxidized glutathione), and extracellular glutathione peroxidase protein (eGPx) were deter- Definition of abbreviations: A ϭ Asian; AA ϭ African American; AB ϭ African British; C ϭ white (Caucasian); F ϭ female; H ϭ Hispanic; M ϭ male; MR ϭ multiple race.
High-dose corticosteroids ϭ fluticasone propionate exceeding 800 g/day or equivalent. Data are presented as means (SD). Total cells and differentials are from whole blood.
* p Ͻ 0.05.
mined as previously described (22, 23 
Statistical Analysis
Quantitative data are summarized as means Ϯ SE unless otherwise noted; categorical data are summarized by frequencies. Two-tailed t test statistics, and analysis of variance (ANOVA) were used when appropriate, with the Bonferroni correction being applied to the significance criterion once pairwise comparisons were made among the study groups. Associations between SOD activity and age, sex, and medication were assessed by linear models and ANOVA, and these factors were included as covariates in linear models for the group comparisons. All tests and model fitting were performed with the open source R statistical language, version 1.9.0 (http://www.r-project.org/).
RESULTS

Subject Characteristics
A total of 134 patients (Wake Forest University, 47; Cleveland Clinic Foundation, 31; University of Wisconsin, 16; Imperial Figure 1 . Cu,Zn-SOD (superoxide dismutase) protein, Mn-SOD protein, and total SOD activity in serum of control subjects (n ϭ 20), subjects with nonsevere asthma (n ϭ 74), and subjects with severe asthma (n ϭ 40 Table 1 . On average, healthy control subjects and subjects with nonsevere asthma were younger than subjects with severe asthma (p Ͻ 0.05; Table 1 ). Duration of asthma in patients with severe asthma was 23 Ϯ 2 years, and in patients with nonsevere asthma it was 17 Ϯ 1 years (p ϭ 0.024). As expected, airflow measurements were lower in subjects with severe asthma than in nonsevere or healthy control subjects.
Evaluation of Antioxidants
Analysis of antioxidants. To investigate whether oxidative stress in asthmatic airways influences systemic antioxidants, GPx activity, eGPx, total glutathione, and total SOD activity were measured in serum. Total SOD activity was significantly different between the asthma and control groups (p ϭ 0.001), whereas there was no significant difference in Mn-SOD protein levels among subjects with asthma and control subjects (Mn-SOD, ng/ml serum [mean Ϯ SE]: control subjects, 198 Ϯ 16; subjects with nonsevere asthma, 214 Ϯ 8; subjects with severe asthma, 225 Ϯ 12; ANOVA, p ϭ 0.416; Figure 1 ). Cu,Zn-SOD protein levels tended to be higher when comparing all subjects with asthma with control subjects (Cu,Zn-SOD, ng/ml serum [mean Ϯ SE]: all subjects with asthma, 136 Ϯ 10; control subjects, 86 Ϯ 10; p ϭ 0.057) but were not significantly different among severe asthma, nonsevere asthma, and control groups (Cu,Zn-SOD, ng/ml serum [mean Ϯ SE]: control subjects, 86 Ϯ 10; subjects with nonsevere asthma, 135 Ϯ 13; subjects with severe asthma, 137 Ϯ 18; ANOVA, p ϭ 0.165; Figure 1 ). Serum glutathione levels were similar among groups (glutathione [M]: control, 1.69 Ϯ 0.19; nonsevere asthma, Figure 2 ). GPx activity and eGPx protein were also not significantly different among the three groups (p Ͼ 0.05; Figure 2 ). There was no relationship between loss of SOD activity or glutathione levels among former smokers and nonsmokers, and no effect of secondhand smoke was found. Analysis of antioxidants by severity of airflow limitation in asthma. Antioxidants were also evaluated on the basis of %FEV 1 measurements (%FEV 1 Ͼ 80, %FEV 1 between 60 and 80, and %FEV 1 Ͻ 60; Figures 3 and 4) . SOD activity was significantly related to airflow limitation (ANOVA, p ϭ 0.005) but Mn-SOD protein was not (ANOVA, p ϭ 0.453; Figure 3 ). Interestingly, airflow limitation was related to Cu,Zn-SOD protein at higher levels in subjects with asthma with %FEV 1 Ͼ 80 or %FEV 1 Ͻ 60 (ANOVA, p ϭ 0.03; Figure 3 ). GPx activity and eGPx protein were similar among the groups (Figure 4 ). Glutathione tended to be higher in subjects with asthma with severe airflow limitation (%FEV 1 Ͻ 60) than in control subjects or other subjects with asthma (ANOVA, p ϭ 0.08; Figure 4 ).
Age-and Sex-adjusted Group Effect within the Asthma Group
The mean age in the severe asthma group was higher than that of healthy control subjects. Therefore, difference among groups was tested with an ANOVA model that adjusted for age. SOD activity (p ϭ 0.003) remained significantly different among the asthmatic and control groups when adjusted for age. Similarly, when using an ANOVA model that adjusted for sex, SOD activity remained significantly different (p ϭ 0.004).
Multiple Linear Regression Analysis
To investigate the quality of the relationship of antioxidants to airflow and hyperreactivity, regression analyses were performed, Figure 3 . Analysis of SOD activity and proteins in individuals with asthma, based on airflow limitation. SOD activity is significantly lower in individuals with asthma with FEV 1 lower than 60% of predicted (ANOVA,
with %FEV 1 , FEV 1 /FVC, and change in FEV 1 after bronchodilator administration (⌬FEV 1 ; Figure 5 ). %FEV 1 and ⌬FEV 1 were most strongly correlated to SOD activity (Table 2) , whereas no correlations were found with other antioxidants (Table 3) . These results suggest that serum SOD activity may serve as a global index of severity of asthma. As half of the subjects with severe asthma (19 of 40) could not undergo methacholine challenge testing because of an initial low %FEV 1 , SOD relation to the provocative concentration of bronchoconstrictor causing a 20% fall in FEV 1 could not be evaluated.
Effect of Corticosteroids on SOD Response Adjusted for Age and Sex
Previously, corticosteroids were related to improvement of airflow and restoration of airway SOD activity in subjects with asthma (8) . Overall, corticosteroids taken orally, inhaled, or injected did not have a clear influence on SOD activity in this study (p ϭ 0.506). Difference among airflow limitation groups (%FEV 1 Ͻ 60, %FEV 1 between 60 and 80, and %FEV 1 Ͼ 80) was also tested with an ANOVA model that adjusted for corticosteroid use. Despite the obvious relationship of corticosteroid use to the groups, SOD activity (p Ͻ 0.001) was still significantly different among the groups when adjusted for corticosteroid use. When evaluating corticosteroid use on the basis of method of administration (oral, inhaled, or injected), only the use of injected corticosteroids may influence systemic measures of SOD activity in subjects with asthma (Table 4 ). 
Loss of SOD Related to Atopy
Although atopy is implicated in the cause of asthma, the relationship between antioxidant status and atopy has not been investigated. When comparing all nonatopic versus all atopic subjects, atopic individuals (subjects with asthma and control subjects together) have lower SOD levels than do nonatopic subjects (p ϭ 0.002). Although SOD in nonatopic subjects is noticeably higher than in atopic subjects in each group (Figure 6 ), the individual t tests do not reach significance for any group (all p Ͼ 0.1). Furthermore, adjustment for atopy does not alter the statistically significant difference in SOD between control subjects and subjects with asthma (p ϭ 0.02). Thus, the differences between SOD activities in control subjects and subjects with asthma are not explained simply by a different balance of atopic and nonatopic individuals within the groups.
Mechanism of SOD Inactivation
In the context of significant correlation of SOD activity to physiologic parameters of asthma and atopy, we investigated potential mechanisms of SOD inactivation in asthma. Previous in vitro studies indicate that SOD is exquisitely susceptible to oxidative modification and inactivation (15, 17, (26) (27) (28) . Notably, eosinophil peroxidase-generated oxidants have been identified as specific participants in oxidative injury in both allergic and severe asthma, with 3-bromotyrosine, a specific protein modification generated by eosinophil peroxidase-catalyzed oxidation (3, 4, Figure 5 . Correlations of serum SOD activity with airflow (%FEV 1 , FEV 1 /FVC, and ⌬FEV 1 ). SOD activity is directly correlated with %FEV 1 (R ϭ 0.312, p Ͻ 0.001) and FEV 1 /FVC (R ϭ 0.296, p Ͻ 0.001), whereas SOD activity is inversely correlated with hyperresponsiveness, as determined by change in FEV 1 after ␤-agonist administration (180 g of albuterol; R ϭ -0.334, p ϭ 0.001).
29, 30
). The Cu,Zn-SOD structure does not contain tyrosine residues, but oxidative modification of the enzyme may occur through effects on alternative susceptible target amino acids such as methionine, cysteine, histidine, tryptophan, arginine, and lysine. Cu,Zn-SOD was therefore exposed to physiologically relevant levels of eosinophil peroxidase-generated reactive brominating species, RNS, or tyrosyl radicals to assess the potential role of oxidative pathways that might contribute to enzyme inactivation. All reactive species lead to loss of specific SOD activity ( Figure 7) . The magnitude of effect by reactive brominating species supports a potential role for eosinophil peroxidasecatalyzed inactivation in vivo. To test this hypothesis, plasma samples from asthmatic patients were analyzed by mass spectrometry to quantify levels of protein-bound bromotyrosine, as a marker of eosinophil-derived reactive brominating species; dityrosine, an oxidative cross-link generated via a tyrosyl radical intermediate (24) ; and 3-nitrotyrosine, a stable protein modification generated by nitric oxide-derived oxidants (3) . Systemic levels of bromotyrosine demonstrated statistically significant inverse correlations with serum SOD activity (R ϭ -0.404; p ϭ 0.049), consistent with loss of SOD activity as a consequence of reactive brominating species. Interestingly, no such relationship was observed with either nitrotyrosine or dityrosine, suggesting that neither nitric oxide-derived oxidants nor tyrosyl radicalmediated oxidative cross-links participate in SOD inactivation in vivo.
DISCUSSION
Previous reports show that localized decreases in SOD activity occur within asthmatic airway epithelial cells, bronchoalveolar lavage fluid, and bronchoalveolar lavage cells in proportion to airflow limitation and asthmatic exacerbations (7, 9, 11) . Whether systemic reductions in activity of the antioxidant protective enzyme occur during asthma has not yet been examined. The present study provides evidence to support global inhibition of systemic SOD catalytic activity in asthma that is related to airflow limitation. The relationship of circulating SOD activity measures to plasma bromotyrosine levels, an oxidative modification characteristic of eosinophil peroxidase-generated brominating oxidants, is consistent with an oxidant mechanism of inactivation. The present study suggests that systemic measures of SOD inactivation may serve as a sensitive and quantitative functional measure of global oxidative stress in asthma.
In contrast to loss of SOD activity, Cu,Zn-SOD and Mn-SOD protein levels were not reduced in asthmatic serum. In fact, there may be an increase in Cu,Zn-SOD protein in subgroups of patients with asthma with mild to no airflow limitation, and/or in those with severe airflow obstruction. The intracellular enzymes Cu,Zn-SOD and Mn-SOD are released to the circulation during normal turnover of cells and account for serum SOD activity. Although EC-SOD is found predominantly in the extracellular matrix space, it is bound to heparan sulfate proteoglycans of endothelial cell surfaces and so less than 1% of EC-SOD is found in the serum (31, 32) . Taken together, this supports the notion that the loss of serum SOD activity is not related to decrease in SOD proteins. We speculate that the lower systemic SOD activity in asthma may derive from airway inflammation and injury, cell turnover, and release of inactive SOD. However, earlier studies in adults have indicated that
TABLE 3. CORRELATIONS OF SERUM ANTIOXIDANTS WITH LUNG FUNCTION IN THE THREE GROUPS STUDIED
Definition of abbreviations: eGPx ϭ extracellular glutathione peroxidase; GPx ϭ glutathione peroxidase; GSH ϭ glutathione; GSH ϩ GSSG ϭ total glutathione; GSSG ϭ oxidized glutathione; SOD ϭ superoxide dismutase.
* FEV 1 , prebronchodilator value, except five subjects with nonsevere asthma and two with severe asthma used ␤-agonist within 12 h of testing for clinical need.
† ⌬FEV 1 , percent change in FEV 1 after two puffs of ␤-agonist inhaler (180 g of albuterol). increased oxidative stress also occurs in the circulation of asthmatic subjects (33) (34) (35) (36) . For example, blood eosinophils and monocytes produce more ROS in patients with asthma as compared with control subjects (33, 34) , and asthmatic leukocytes have increased levels of eosinophil peroxidase in peripheral blood (37) . Loss of serum SOD activity in asthma may thus reflect a greater magnitude and/or ongoing systemic oxidative stress in subjects with asthma with severe airflow limitation, with a consequent greater oxidative modification of SOD systemically. Allergen-triggered inflammatory pathways may participate in loss of systemic SOD activity, perhaps through increasing oxidative stress (3, 4, 38) , and subsequent inactivation of SOD. Activated peripheral blood monocytes of atopic individuals produce superoxide when IgE binds to membrane receptors (39) and serum eosinophil cationic protein, a biomarker of eosinophil activation, is increased with atopy and asthma severity indices (40) . Whether or not SOD inactivation occurs locally in the lung or in the systemic circulation, the association of SOD activity with asthmatic obstructive lung disease is clearly present and may be unique, given that systemic antioxidant capacity in chronic obstructive pulmonary diseases is unrelated to airflow limitation (41) (42) (43) . ROS and RNS can react with many amino acid targets including methionine, tyrosine, histidine, tryptophan, lysine, and cysteine, profoundly altering the function of proteins by posttranslational oxidative modification. All SOD enzymes are sensitive to oxidative modification and inactivation (15) (16) (17) 44) . In vitro studies have shown that ROS/RNS lead to oxidative and nitrative modification of tyrosine and inactivation of Mn-SOD and EC-SOD, whereas Cu,Zn-SOD can be inactivated by RNS through targeting of susceptible histidine residues (17, 27, 45) . We have shown that oxidative modification/inactivation of Mn-SOD is present in asthmatic airway epithelial cells (11) . Quantitative data on Mn-SOD oxidation/nitration in lungs of patients with Figure 6 . Analysis of SOD activity corrected for atopy. Individuals with asthma and control individuals with allergies have lower levels of serum SOD activity, but no significant difference was found among nonatopic and atopic individuals within the same group (control subjects: nonatopic, n ϭ 11; atopic, n ϭ 6; subjects with nonsevere asthma: nonatopic, n ϭ 18; atopic, n ϭ 56; subjects with severe asthma: nonatopic, n ϭ 10; atopic, n ϭ 30; all p Ͼ 0.1).
mild asthma with near-normal lung function show that Mn-SOD tetramers possess at least one oxidative modification, which would lead to as much as 7% inactivation of Mn-SOD (11) . Here, evidence consistent with SOD inactivation in the circulation due to oxidative/nitrative modifications is presented by the correlation of SOD activity with the levels of plasma bromotyrosine, an eosinophil-generated oxidative marker. Evidence consistent with a causative relationship between increased oxidants and SOD inactivation is supported by quantitative assay of Cu,Zn-SOD activity after exposures to eosinophil peroxidase-generated reactive species in vitro.
The glutathione system is a central mechanism for reducing organic and inorganic hydroperoxides. The key enzyme in the redox cycle responsible for the reduction of peroxides is GPx, which requires reduced glutathione to serve as the electron donor (46) . The glutathione system is altered in lung inflammatory conditions, such as asthma. Many reports have shown alterations of glutathione in asthmatic airways (7-9, 47, 48) . Furthermore, the total glutathione pool is increased in erythrocytes of individuals with asthma (49, 50) . In the present study, individuals with asthma with severe airflow limitation have a tendency to increased serum glutathione. In vitro studies have shown that exposure to oxidative stress, such as superoxide or H 2 O 2 , causes a transient depletion of glutathione, followed later by prolonged elevation of intracellular glutathione levels (22, 51) . Further studies are needed to evaluate the relationship of serum glutathione to airway inflammation and oxidative stress. The present data show that serum eGPx protein and GPx activity are not upregulated in individuals with asthma when compared with control subjects, although prior studies demonstrate that eGPx is upregulated in asthmatic airway epithelial cells and in epithelial lining fluid (22) . The localized increase in lung eGPx, but absence of increase in serum levels, supports the concept that alterations in serum SOD levels may reflect systemic effects of oxidants.
It has been suggested that corticosteroids have a beneficial effect on antioxidants (8) . Previous reports have shown that treatment with corticosteroid reduces oxidative stress and restores intracellular SOD activity levels in mild asthma (8, 52) . In this study, inhaled or oral corticosteroids were not correlated with serum SOD activity measures in subjects with asthma, but parenteral corticosteroid revealed a tendency for improved SOD activity measures in patients with asthma. Lack of improvement Figure 7 . Loss of specific Cu, Zn-SOD activity occurs after protein is exposed to eosinophil peroxidase-generated reactive nitrogen species (RNS), reactive brominating species (RBS), or tyrosyl radicals (·Tyr) in vitro (p ϭ 0.001).
with corticosteroids may suggest either relative corticosteroid resistance or perhaps noncompliance with therapy. Further studies are necessary to evaluate whether high-dose systemic corticosteroids improve antioxidant capacity in asthma.
There has also been considerable interest in the association between dietary intake of antioxidants, systemic oxidative stress, and lung function in individuals with asthma. It has been speculated that a diet rich in antioxidants may help to prevent asthma in individuals who have a susceptibility to asthma (53) . Several studies have shown alterations in systemic nonenzymatic antioxidants in asthma as compared with healthy control subjects (50, 53, 54) . Rubin and coworkers (53) showed that selenium and both vitamin C and ␤-carotene are inversely associated with asthma prevalence, suggesting a potential role of serum antioxidants in either the prevention of asthma onset and/or the progression of asthma. Vitamin E levels also show a strong correlation with pulmonary functions (54) . Furthermore, selenium and protein containing selenocysteines, such as GPx, are profoundly influenced by dietary supply, which differs considerably between various regions of the world. For example, the population of New Zealand has a low intake of dietary selenium related to soil content, and a marked increase in prevalence and mortality due to asthma, with a sixfold increased risk of asthma for individuals with low GPx blood activity (55) . Furthermore, animal models of asthma provide evidence of a link between antioxidants and airway hyperresponsiveness. For example, transgenic mice that overexpress SOD have decreased allergen-induced physiologic changes in the airway in comparison with wild-type control animals (56) . In other studies, treatment with SOD mimics reduces the magnitude of allergen-induced airway hyperresponsiveness in sensitized guinea pig or mouse models of asthma (57, 58) . Further studies are needed to determine the relationship of systemic SOD activity, oxidative modification of proteins, and/or glutathione levels to lower airway inflammation. However, systemic measures of antioxidants and oxidatively modified proteins may serve as easily quantifiable circulating biomarkers to assess overall magnitude of oxidative stress, which the present studies reveal are related to severity of airflow limitation in asthma.
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